[1] The topography of the western United States provides a classic field laboratory for investigations of the relationship between surface features and sub-crustal dynamic processes. The interpretation of recently collected, high-resolution seismic images of the upper mantle beneath the central Colorado Rocky Mountains substantiates the notion that much of the high elevation coincides with thin or attenuated continental crust (with respect to predicted Airy crustal thicknesses), necessitating topographic support by anomalously buoyant mantle. This is highly suggestive that broad-scale topographic features may be correlated with buoyancy variations in the upper mantle. In an attempt to sharpen our understanding of the underlying geodynamics, we evaluate the correlation between the surface topographic character and data sets that provide information about density variations indicative of buoyancy in the upper mantle, including the lithospheric geoid, upper mantle seismic velocity anomalies, and crustal (Lg) Q. Our general conclusion is that mantle buoyancy is driving differential surface uplift throughout the western United States and this driver of topography is manifested by measureable anomalies in the topographic roughness at short wavelengths (tens of kilometer) and elevated spectral power in the topography at longer (several hundred kilometers) wavelengths. A provocative conclusion is that the long-recognized physiographic provinces of the Colorado Plateau, Rocky Mountains, and Rio Grande rift are also neotectonic provinces that are related to convective processes and related buoyancy in the upper mantle.
Introduction
Plate tectonic theory provides a framework that accounts for most of the large-scale surface topographic features of the Earth. In the simplest formulation, the tectonic stresses that arise from plate boundary interaction are transmitted into the interiors of the plate to provide the required deformational forces to generate elevated topography. There is, however, increasing evidence that forces acting along the base of the tectonic plates, generated by sub-lithospheric flow of upper mantle material, are a significant contributor to the surface topography of the Earth [Braun, 2010] . In oceanic regions it was recognized very early in the formulation of plate tectonics that cooling and contraction of the oceanic lithosphere with age explains the longwavelength topography of the seafloor [McKenzie, 1967; Parsons and Sclater, 1977; Sclater and Franchet, 1970; Turcotte and Schubert, 2002] . The relationship between topography and convective forces has also been studied for both Venus [Simons et al., 1997] and Mars [Smith et al., 1999] . This paper extends this concept to the topography of continental interiors.
[3] The articulation of how upper mantle convection manifests itself in the surface topography of continents has been decidedly more problematic. Numerous mechansims have been proposed to explain continental elevation changes, including orogeny [Molnar et al., 1993] , rifting (whether localized or diffuse), delamination of cratonic mantle lithosphere or eclogitized crust [Frassetto et al., 2011; Zandt, 2003; Zandt et al., 2004] , continental tilting due to subduction [Faccenna and Becker, 2010] or more distal effects of global mantle circulation [Liu and Gurnis, 2008] , and mantle plume impingement [Lithgow-Bertelloni and Silver, 1998; Lowry et al., 2000] . In the western United States, models suggest that dynamic topography can be characterized by small amplitudes (generally less than a kilometer), and long wavelengths, both on the 1000-km scale [Moucha et al., 2009] and the 100-km scale [van Wijk et al., 2010] . Models of the elevation response to sub-lithospheric mantle processes indicates that buoyancy variations beneath the lithosphere can be responsible for as much as 1-2 km of topography [Lowry et al., 2000] . [4] As an important field laboratory, the elevated topography of the western United States is unique among the world's orogenic systems in both its spatial extent and coincidence with thin or attenuated crustal thickness. There is general agreement that a combination of thinning lithosphere and crustal inflation through Teritary-age intrusions is driving uplift and sub-crustal processes were implicated in the dynamics of western United States uplift with "goings-on in the mantle" recognized as important drivers of the surface topographic character [Suppe et al., 1975] . Many subsequent studies have explored and speculated on the relationship between tectonic processes in the upper mantle and their relationship with surface elevation [Eaton, 2008; Karlstrom et al., 2008; Schmandt and Humphreys, 2010] . However, despite over a century of study, the timing and causes of the elevated topography in the western United States remain contentious and controversial [McMillan et al., 2006] . [5] Recent studies [Schmandt and Humphreys, 2010; van Wijk et al., 2010] have improved our understanding of the relationships between topography and mantle structure and dynamics in the western United States and continue to implicate the role of mantle processes in the elevated topography of the region. On a local-scale (e.g., along the margins of the Colorado Plateau) dynamical processes are of first-order importance to predicting elevation arising from isostatic forces and mantle flow pressures and tractions [van Wijk et al., 2010] . Furthermore, an emerging hypothesis from the interpretation of seismic tomographic imaging of the upper mantle (K. E. Karlstrom et al., Surface response to mantle convection beneath the Colorado Rocky Mountains, submitted to Lithosphere, 2011) is that 100-km-scale mantle-velocity domains correlate with regions undergoing differential uplift in the Rocky Mountain and Colorado Plateau, and even more provocatively, that surface topography is being shaped by mantle flow and buoyancy at a variety of scales ranging from 1000 s to 10 s of km.
[6] Improved topographic analysis is needed to provide information on the interplay between tectonicassociated processes of uplift and climate-associated processes of erosion that shapes continental topography. It has long been implicitly known that the physiographic provinces of the western United States correspond in general ways to tectonic domains which have been defined on the basis of numerous geologic and geophysical investigations [Lipman et al., 1972] . Traditionally, topographic parameters such as slope, roughness, and mean elevation have been used to interpret the relationship between surface uplift and exhumation in mountainous terrains [Whipple and Tucker, 1999; Wobus et al., 2006] . However, it has proved difficult to arrive at a methodology to deduce quantitative information about the underlying tectonics using a qualitative approach to evaluating the topographic fabric. [7] Recent advances in the field of geomorphometrics, defined as the science of quantitative landsurface analysis [Pike, 2000; Pike et al., 2008; Rasemann et al., 2004] , provides the opportunity to evaluate signatures in the landscape that may have their origin in large-scale tectonic process such as convection of material in the upper mantle. The application of the principles of geomorphometry provides an important methodology to quantitatively measure landscape features and hence to provide an objective data set for testing alternative models for the possible driving forces that shape landscapes.
[8] This paper examines the hypothesis that quantitative analysis of topography, which we call "tectonic geomorphometrics," can provide important constraints for understanding deep-seated tectonic processes. In addition to an analysis of topographic elevation, we examine topographic roughness and the organization of topographic grain. To evaluate possible linkages between geomorphometrics and potential deeper lithospheric/upper mantle tectonic driving forces, we consider four relatively wellconstrained data sets, schematically illustrated in Figure 1 . These are: (1) quantified topography, (2) crustal seismic attenuation as a proxy for differential crustal buoyancy, (3) mantle seismic velocity as a proxy for differential mantle buoyancy, and (4) filtered geoid anomaly as a manifestation of integrated lithospheric buoyancy on surface uplift. At the outset we emphasis that our approach and intent is not to develop a comprehensive deterministic relationship between the surface topography and upper mantle processes (e.g., the approach taken in the work by Lowry et al. [2000] ), but rather to explore spatial correlations that can serve as motivation for future deterministic studies. We emphasize relatively short-wavelength features (on the order of 10 s to 100 s of kilometer) in the landscape that might be related to underlying mantle dynamics. [9] Until recently the analysis of regional-scale topographic features have been undertaken within a primarily qualitative framework. The current availability of high-speed computing platforms and detailed digital elevation models (DEMs) allows a rigorous quantitative analysis of the Earth's topography [Wood and Snell, 1960] . Here we evaluate a 30-arc-second DEM (providing a spatial resolution of about 1 km) from the Shuttle Radar Topographic Mission to quantify the topographic character of the western United States using the eigenvalue ratio method [Chapman, 1952; Woodcock, 1977] to evaluate the character of the topographic surface. If (x 1 , y 1 , z 1 ) … (x n , y n , z n ) are a collection of n unit vectors perpendicular to the topographic surfaces described by a DEM, then the orientation matrix T can be formed by the sums of the cross products of the direction cosines [Fara and Scheiddegger, 1963 ; Figure 1 . Schematic illustration of the relationship between the surface topography and locations of potential buoyancy variations that can be imaged by different techniques. Crust is imaged by Lg Q, upper mantle by seismic tomography, with the geoid reflective of the combined density moment of crust and mantle represented by the density contrasts in the blue circles. The relative uncertainty of the data sets are designated by the (+), (+), and (−) in the technique labels where (+) = well-constrained data, resolution and interpretation. Fisher et al., 1987; Scheiddegger, 1965; Watson, 1966] :
Quantifying Topographic Fabric
The normals to the Earth's surface can be viewed as a cloud of vectors in space (Figure 2) , and the three eigenvectors will define the three-dimensional ellipsoid that best models their distribution [Woodcock, 1977; Woodcock and Naylor, 1983] . The relative magnitudes and orientations of the three eigenvectors of T define the distribution of the surface normals. If the three eigenvalues are normalized with respect to n, then S i = l i /n and S 1 + S 2 + S 3 = 1. For topography the resulting eigenvalues have the following characteristics: (1) the eigenvalue S 1 is much greater than S 2 , and S 2 is approximately equal to S 3 ; (2) the eigenvector corresponding to S 1 is approximately vertical with the vectors associated with S 2 and S 3 constrained to the horizontal plane; and (3) S 3 points in the direction of the dominant topographic fabric and provides information about the dominant topographic orientation. For example in Figure 2 , a smooth topography has a lower flatness (ln S1/S2) than a rough surface and organization (ln S2/S3) shows any dominant grain.
[10] Because there are only two independent eigenvalues (S i ), the ratio of S 2 /S 3 (defined as the organization) can be plotted against S 1 /S 2 (defined as the flatness) to describe the pattern of vector orientations, ranging from clusters to girdles (Figure 3 , see discussion in the works by Woodcock [1977] and Woodcock and Naylor [1983] ). The ratio ln(S 1 /S 2 ) to ln(S 2 /S 3 ) can be used to evaluate the clustering of the normal vector distribution, and was defined as the K-value by Woodcock [1977] . Distributions with K > 1 have vectors that cluster, while distributions with K < 1 have distributions which form girdles in a steronet plot [Woodcock, 1977] . If S 1 > S 2 and S 1 > S 3 , the orientation data are clustered in a stereographic projection (located above the K = 1 axis in Figure 3 ). Alternatively, if S 1 > S 3 and S 2 > S 3 , the data form a girdle. Contours of the ratio ln(S 1 /S 3 ) radiate from the origin and describe the strength of the orientation, and thus provides a way to quantify the strength of the topographic grain (with greater strength corresponding to greater grain alignment.) [11] The utility of the eigenvalue plot has been expanded by its incorporation into DEM analysis software [Guth, 1999a [Guth, , 1999b [Guth, , 2006 Guth et al., 1987] . This approach has lead to the identification of three independent parameters that describe the character of a topographic surface: roughness (which correlates with relief, standard deviation of elevation, average slope, standard deviation of slope, and strength), organization (which expresses the strength of the topographic fabric) and the average elevation (which correlates poorly with the other topographic parameters.) [12] A comparison of where actual topography plots relative to hypothetical topographic distributions in the eigenvalue space is illustrated in Figure 3 . If the data have a perfectly uniform distribution (a purely random distribution), then S 1 = S 2 = S 3 = 1/3, and the data would plot at the origin of the graph (stereonet 8 in Figure 3 ). A nearly flat distribution (point 1 in Figure 3 ) plots high on the flatness axis reflecting high coherence of the surface normals. Because the organization of actual topography is relatively low, most sites on the Earth plot close to the origin of the organization axis (the region roughly defined by the hatched box in Figure 3b .) The location of various topographic sites is shown in the shaded inset. There is a large variation in the roughness (reciprocal of the flatness) between elevated regions and stable cratonic regions. Low elevation regions (<1 km) and the mid-plate of North America and Australia, for example, have flatness values in excess of 11.5. In contrast, elevated continental regions (>2 km) have flatness values less than 8.5. It is interesting to note that the mid-Atlantic Ridge is similar in roughness to the elevated continental regions. We note that all the topographic locations plot well within the cluster domain of the eigenvalue space with K > 5, indicating the distribution of surface normals for all topographic surfaces have high coherence. This is consistent with the observation that most topography has a fractal dimension of ∼2.0 (e.g., for Arizona the mean fractal dimension for two-dimensional Fourier spectral analyses was found to be 2.09 [Huang and Turcotte, 1989] ), implying that even "rough" topography is fairly planar relative to its spatial extent. There is considerably less variation in typical organization values, which is thought to be controlled by the degree of isotropic erosion which produces a landscape without a strong grain of ridges and valleys [Guth, 1999a] . Relative to the theoretical values (Figure 3a ), observed topographic organization is characterized by ln(S 2 /S 3 ) < 2 and tends to cluster along the ordinate. We note that most regions have an organization value less than 1.0, with the exception of areas with high degree of topographic grain such as the Basin and Range Province and Appalachian Mountains (especially Valley and Ridge Province).
The Topography of the Western United States
[13] The present-day topography of the western United States (Figure 4a ) is inextricably linked with the tectonic history of the North American Cordillera that formed through the interaction of the Pacific, North American, Farallon and Juan de Fuca plates (and associated flow of mantle material) over the past several hundred million years. Most presentday topography is the result of a combination of the final two tectonic stages since the Cretaceous; compressional tectonics events associated with subduction off the western United States during the Cretaceous to early Cenozoic (c. 200 to 60 Ma) and extensional tectonic events which remain ongoing in many parts of the western United States [Colgan and Henry, 2009; Coney and Harms, 1984] . The long wavelength topography of the region ( Figure 4b ) is thought to be related to strong mantle upwelling that is coupled to the sinking Farallon slab [Moucha et al., 2008 [Moucha et al., , 2009 . The strong affinity between both short and long wavelength topographic features in the western United States. Cordillera suggests that the topographic character has a significant subcrustal origin.
[14] Two regions of particular interest (from the perspective of potential mantle buoyancy) that we wish to further evaluate in this paper are the Grand Canyon and the Colorado Rocky Mountains, where low-velocity mantle underlies high and rough topography, steep normalized river segments, and areas of high river incision rates. While we acknowledge that anomalously low velocity values in the upper mantle can also be associated with zones of partial melt, compositional heterogeneity, or transient thermal regimes, there is a growing body of evidence that implicates convective asthenospheric Figure 3 . Normalized eigenvalue ratios of directional data for a number of hypothetical topographic surfaces illustrating the relative position in eigenvalue ratio graph. Flatness, defined as the ratio ln(S 1 /S 2 ), predicts the degree of clustering (coherence) of the surface normals (see text for discussion) and organization, defined as the ratio ln(S 2 /S 3 ), describes the tendency of data to plot in a girdle pattern. The distance from the origin is controlled by the strength, defined as the ratio ln(S 1 /S 3 ), and expresses how strongly the orientation vectors are grouped without specifying any pattern of assemblage. Modified from Woodcock [1977] . The location in eigenvalue ratio graph of several topographic features of the earth (calculated with the ETOPO5 DEM for various polygonal areas capturing the topographic features) is shown in the shaded inset. Note that most elevated topography falls is characterized by low organization (<1) and high roughness (flatness < 8.5).
upwelling (and associated low-velocity [15] Among the topographic parameters that are used to quantify a topographic surface [Guth, 1999a] topographic roughness (which correlates with relief) was found to have the strongest affinity with the tectonic provinces of the western United States (Figure 4c ). While the general processes by which tectonic uplift affects surface processes of erosion are known [Whipple and Tucker, 1999] , the details of the feedbacks between large scale tectonic and geomorphic processes are not well understood. A number of observed correlations can be used to speculate on the driving forces that explain them. Our working hypothesis is the simple model that high heat flow is characteristic of tectonically young regions. This heat flow drives uplift, creates a disequilibrium within the landscape through the creation of relief, and the subsequent erosion results in a rough landscapes. Our observation is that the areas of highest topographic roughness in the western United States correlate both with "top-down" geomorphic processes (e.g., steep normalized river gradients and high river incision rates along the Grand Canyon on the western margin of the Colorado Plateau) as well as with broad regions that appear to be subject to surface uplift in response to "bottomup" processes such as buoyant mantle (e.g., the Southern Rockies and Yellowstone.) Other areas of high topographic roughness are associated with recent crustal deformational process such as the Sierra Nevada and the Basin and Range block faulting. Based on these correlations, we prefer an explanation involving tectonic forcings as a cause of differing surface roughness between adjacent physiographic provinces. The alternative explanation might be that climatic effects causes different roughness between physiographic provinces, but this seems less likely given the small spatial scale involved, overall similarities in climate in the arid western United States. Climatic oscillations are well documented over a shorter time scale (as evidenced by oscillations of glacial and interglacial periods that is documented by river terraces, but these effects are seen in all provinces and seem to be superimposed on longer-lived differences between these provinces.
[16] The topographic grain is a second descriptor of the surface character and corresponds with the grain of wood and other natural materials [Pike et al., 1989] . Within this context, topographic organization is a measure of the strength of this grain. The topographic organization of the western United States (Figure 4d ) shows less affinity with tectonic provinces than it shows with the roughness. With the exception of the Basin and Range province and parts of the Great Plains the organization is uniformly low throughout the western United States.
Linking Surface Topography With Lithospheric and Upper Mantle Processes
[17] Topography is the result of highly scaledependent interactions involving climatic, tectonic, and surface processes, and recent studies have demonstrated that many measurable topographic parameters (e.g., roughness, drainage density, and hypsometry) depend on such disparate factors as the erosional nature of rocks and climate, making direct interpretation of orogenic history from topographic parameterization problematic [Willgoose and Hancock, 1998 ]. Here, we focus on the tectonic aspects of topography and take a "top-down" approach to evaluating the lithospheric processes that contribute to the surface topography. Because it can be directly measured, the topographic surface is the best constrained of the data sets available to constrain the relative role of the lithospheric processes schematically illustrated in Figure 1 . We are specifically interested in regions of high-rough topography, which may be indicative of active uplift, if we assume that climatic variations and erosional response is small over the western United States region in question. Figure 5a shows a normalized parameter for regions that are both high and rough, with marked spatial variation across the region. We note that Yellowstone, the Southern Rockies, and the Sierra Nevada block are the dominant regions with high/rough topography in the western United States. To a lesser extent, parts of the Northern Basin and Range, the western margin of the Colorado Plateau, and the Bitterroot Range of Idaho also stand out.
[18] An evaluation of seismic wave attenuation in the crust provides a way to evaluate bulk crust properties that can help link surface properties (e.g., uplift and roughness) with underlying upper mantle processes. The two seismic phases of interest are the Pg phase (a compressional body wave that travels within the Earth's crust and is reported at local-toregional distances in many seismic catalogs) and the Lg phase (the analogous crustal shear wave). Lg is the prominent phase on most short-period, regionaldistance seismograms along continental paths, resulting from the superposition of trapped, crustal shear waves [Press and Ewing, 1952] . Because Lg is not supported in oceanic crust [Knopoff et al., 1979] , it provides an ideal tool for studying the character of the continental lithosphere, see review in the study by Phillips and Stead [2008] . The Lg Q (Figure 5b ) provides additional information about tectonic processes that have an influence on the surface topography. In general, high Q values are associated with tectonically active regions which are associated with partial melt in the crust [Fan and Lay, 2002 , 2003a , 2003b Xie, 2002a Xie, , 2002b . High Q values correlate well with the areas with both high and rough topography.
[19] The upper mantle velocity anomaly (Figure 5c , after Schmandt and Humphreys [2010] ) indicates that high elevation regions coincide with low velocity mantle whereas the core of the Colorado Plateau is underlain by high velocity mantle. 100-km-scale gradients of 6% in P wave velocities coincide with the edges of topographic swells along the western Colorado Plateau, both sides of the Rocky Mountains, and the Jemez lineament. Note that high and rough areas are underlain by regions of low mantle velocity (consistent with buoyant uplift), but that not all low velocity regions have high and rough topography.
[20] The upper mantle geoid anomaly (Figure 5d ) was created by filtering to construct the "lithospheric" geoid [Chase et al., 2002; Coblentz et al., 2007; Ramillien and Mazzega, 1999] that has the contribution from deeper mantle sources removed. For this study, we removed all spherical harmonic terms of degree less than 17, and applied a one-sided cosine taper to harmonic terms from degree 17 to 20 (corresponding to a spatial wavelength of about 1500 km, at 40°N, and a limiting depth of about 335 km; see Chase et al. [2002] for details). This filter allows removal of long wavelength anomalies originating at asthenospheric or deeper depths. Several regions stand out in this geoid field: a broad positive geoid anomaly region in the NW Basin and Range province (including most of the Sierra Nevada), Yellowstone, and the Southern Rocky Mountains. Each of these regions are characterized by a geoid anomaly of about 5 m. An analysis of the geoid-to-elevation ratio has been used to constrain models of the depth of compensation [Coblentz et al., 2011] . Geoid highs in Figure 5d are indicative of areas with anomalously high gravitational potential energy related to heating and presumably convection of material in the upper mantle (setting up the density moment illustrated in Figure 1 ). These processes drive topographic uplift, which in concert with erosion processes, sculpt the landscape. Most of these areas also have high Q and high roughness and are suggestive of active upper mantle processes that can be expected to have an influence on the surface topography.
[21] The correlation between the long-established physiographic boundaries with the newly refined images of the lithospheric and upper mantle properties shown in Figure 5 is striking. In general, regions with high and rough topography (e.g., the Southern Rockies, Yellowstone, St. George Lineament, southern rim of the Colorado Plateau) correlate with strong upper mantle "forcing" of topography (low crustal Q, low Vp in the upper mantle, and a high geoid anomaly). We next apply a couple of approaches to quantify this correlation.
[22] Figure 6 illustrates an east-west profile across the western United States along 37.75°N. The unfiltered topography and filtered long-wavelength topography using a 200 km wavelength cut off was used to facilitate the comparison and to highlight the characteristic topographic swell of the western United States [Eaton, 1986 [Eaton, , 2008 . We note a strong correlation between the surface topographic character and both crustal (Q) and upper mantle (Vp and geoid) properties along the profile. In particular, as the profile crosses into the Colorado Plateau and the Great Plains, the Southern Rockies segment is characterized by high roughness, low crustal Q, low upper-mantle Vp anomaly, and high upper-mantle geoid which transitions sharply to difference polarities (as indicted by the +'s and −'s on the profiles in Figure 6 ). We interpret this correlation as indicative of important crustal and upper mantle influences on the topographic character of the Southern Rockies.
[23] We next extend our evaluation of this correlation from a single 1-D profile to a 2-D analysis of the western United States using the z-score approach in statistics [Davis, 1986] . A z-score is a way of standardizing the scale of two (or more) distributions. When the scales have been standardized, it is easier to compare scores on one distribution to scores on the other distribution. The z-score for multiple data sets is computed as
where D i is the sum of the data sets at each point, m i is the summation of the means of each data set, and s i is the root mean squared of the standard deviations for the data sets. The z-score indicates the number of standard deviations an observation is from the mean (a statistical distance measure).
the upper mantle geoid) is shown in Figure 7 . In regions where the z-score is positive, the sum of the five underlying data sets is greater than the sum of the means and suggested a strong correlation between high/rough topography, low Q, low uppermantle Vp, and a high geoid anomaly. Conversely, a negative z-score designates areas where the sum is below (less than) the mean and is indicative of poor correlation. A z-score of two or greater indicates that, accounting for uncertainty in the measurements, the sum of the measurements are significantly larger than the sum of the means. We note that high values of z-score correspond to Yellowstone, the Southern Rockies, the rim of the Colorado Plateau, and the Northern Basin and Range; all regions where upper mantle processes are thought to be primary drives of surface uplift [Lowry et al., 2000] . We also note that the high rough topography of the Sierra Nevada block is poorly correlated with the upper mantle drivers, which suggests that the uplift of the block due to Plio-Pleistocene removal of a high-density crustal root does not have a strong signature in the upper-mantle properties considered here.
Further Insights From the Geoid
[25] While the spatial correlations presented above are intriguing, it is problematic to pursue the correlations to a more deterministic level (i.e., the ability to compute or estimate the surface uplift response to the tectonic state of the upper mantle). This situation is exacerbated by our limited ability to unambiguously interpret the travel-time anomalies that are observed in the upper mantle (from the tomographic studies) and the physical meaning of the observed variations in the Lg Q. For example, a small amount of partial melt will also dramatically decrease Vp (∼3.6% per 1% melt) [Hammond and Humphreys, 2000] . Given the problematic nature of relating seismic anomalies to buoyancy processes, we next evaluate the information contained in the geoid (and associated density moment) that can provide information about the mode of compensation with much less interpretive ambiguity.
[26] As a final approach to correlating surface topography with deeper mantle processes we return to an evaluation of the topography and the geoid (and the associated density moment). Figure 8 schematically illustrates the lithospheric structure and the density moment for Airy [Haxby and Turcotte, 1978] and Thermal [Sandwell and Mackenzie, 1989] compensation models. Also shown in Figure 8 are the theoretical geoid vs elevation, and geoid-elevation ratio vs elevation curves for the two compensation models. As expected, thermal compensation predicts larger geoid and geoid-to-elevation ration values than the Airy model, and provides a way to evaluate whether topography is compensation in the crust (Airy) or in the upper mantle (as would be the case for thermal compensation). Building on the approach taken by Coblentz et al. [2011] we first consider the constraints on the compensation mechanisms provided by the geoid-to-elevation ration (GTR). The theoretical curves shown in Figure 8b provide a way to predicted the geoid for Airy vs Thermal compensation and compute the predicted GTR for the two compensation models throughout the western United States. For the observed GTR values, we use the lithospheric geoid discussed by Coblentz et al. [2011] and is created by removing all spherical harmonic terms of degree less than 7 and applying a one-sided cosine taper to harmonic terms from degree 7 to 11. This filter allows removal of all anomalies with spatial wavelengths greater than 3000 km, and limits the sources of the anomaly to depths less than about 600 km (see Chase et al. [2002, Figure 4 ] for a more regional view of this geoid). The RMS error between the observed and predicted GTR for Airy and Thermal compensation (assuming an Airy depth of compensation of 40 km and a thermal depth of compensation of 75 km) are shown in Figure 9 . The highest GTR values are located near Yellowstone (including a large part of the Northern Basin and Range) where GTR values are in excess of 9 m/km. Other areas of high GTR values include regions with very low elevation Figure 7 . The spatial distribution of z-score values for the western United States using five data sets (topography, topographic roughness, crustal Q, upper mantle Vp anomaly, and the upper mantle geoid). In regions where the z-score is positive, the sum of the five underlying data sets is above (greater than) the sum of the means. A negative z-score designates areas where the sum is below (less than) the mean. Red colors designate regions with a strong correlation between the data sets (and suggest a strong component of upper mantle contribution to surface uplift). See text for discussion.
values relative to the geoid (e.g., the northern Great Plains and the Bitterroot Range in Idaho). Because the geoid anomaly decreases rapidly south of Yellowstone, in the Colorado Plateau and Southern Rockies provinces are characterized by significantly lower GTR values in the range of 5-7 m/km. In general, the regions near Yellowstone (which are thought to be in a state of thermal compensation) have low RMS error values for the predicted thermal compensation model. In contrast, the Colorado Plateau and Southern Rockies have low RMS error (<2 m/km) for the Airy compensation model. Thus, while a map of the z-score for the western United States (Figure 7) suggests that a strong correlation exists between the surface topography and sub-crustal processes in the Southern Rockies, the GTR values in this region show that the geoid anomaly is not large enough for the compensation of the Rockies to be dominated by thermal processes associated with upper mantle buoyancy.
[27] An admittance analysis provides a second avenue to evaluate the relationship between the surface topography and deep density sources. Deep density sources (as reflected in the geoid) and surface topography are related through an admittance function [Luis and Neves, 2006; Molina and Ussami, Figure 8 . (a) Schematic of lithospheric structure and the density moment for Airy [Haxby and Turcotte, 1978] and Thermal [Sandwell and Mackenzie, 1989 ] compensation models. (b) Theoretical geoid vs elevation and geoid-elevation ratio vs elevation curves for the two compensation models for a range of compensation depths. In general, thermal compensation predicts larger geoid and geoid-to-elevation ration values than the Airy model. Sandwell and Mackenzie, 1989; Simons et al., 1994] . Any load on the lithosphere can, in general, be expressed as a Fourier series of different wavelength loads [Dorman and Lewis, 1970] . In the Fourier domain, the admittance, Z(k), is the ratio between the geoid anomaly, G(k) (caused by a topographic load on an elastic plate), and the magnitude of the topography, H(k) (where G(k) and H(k) are the Fourier transforms of the geoid anomaly and the topography, respectively and k is the wave number (k = 2p/l)). Thus Z(k) is a transfer function between the topography and the geoid:
1999;
The admittance is a measure of the GTR (as discussed above) but whereas Figure 9a provides a single GTR value for a given location, the admittance provides a way to evaluate the wavelength dependence on the topography-geoid relationship. Here we evaluate the admittance between the lithospheric geoid and topography (Figure 10) . Details of the filtering used to produce the lithospheric geoid are discussed by Chase et al. [2002] . The lithospheric geoid contains the very long wavelength signal (>3000 km) associated with the Yellowstone hot spot, and allows the admittance to be computed for a large range of wavelengths. The characteristic admittance-curves for various compensation models as a function of wavelength are shown in Figure 10c . There is a profound effect from the elastic thickness of the lithosphere on the admittance curves in the Airy compensation case with an elastic thickness of 0 corresponding to the pure Airy compensation case (red curves in Figure 10c ). The calculated admittance in the western United States is shown in Figure 10c . At wavelengths less than 400 km, the admittance curves fall along the theoretical Airy admittance with a depth of compensation of 30 km. Between 400 km and 1000 km, Airy compensation with an elastic thickness of ∼15 km is more consistent with the observed admittance. At very long wavelengths (>1000 km), the admittance more closely matches a thermal compensation model. On the basis of this admittance analysis we conclude that the magnitude of the geoid in most of the western United States (Yellowstone and the northern Basin and Range excepted) is small enough to support the interpretation that the buoyancy is confined to the upper-most mantle lithosphere or lower crust.
Coincidence of Physiographic With Neotectonic Provinces in the Western United States
[28] Speculation about the relationship between the physiographic provinces in the western United States and underlying lithospheric processes have been a continued source of study and contention (for an early review see Gilluly [1963] where even in the pre-plate tectonic framework, an appeal was made to "mantle currents" as an explanation for the physiographic contrast between the Basin and Range and the Colorado Plateau). The long wavelength topographic swell of the western United States of more than 1 km elevation (Figure 4b) , which is at odds with the highly extended and thinned crust throughout much of the western Cordillera, cannot be explained in terms of a thickened crust floating isostatically on mantle of uniform thickness; some variation in the lithospheric mantle thickness (possible in combination with variations in the upper asthenosphere) is required to explain the elevated surface [Coblentz et al., 2007; Parsons et al., 1994] . The relationship between Neogene tectonic activities and the surface topography has been the focus of several recent investigations, and there is growing evidence that the Yellowstone plume [Lowry et al., 2000] and small-scale convection beneath the Colorado Plateau [Levander et al., 2011; van Wijk et al., 2010] and the Southern Rockies (Karlstrom et al., submitted manuscript, 2011) play an important role is the topographic character of the western United States.
[29] As discussed above, there is a clear correlation between topography, roughness and organization for the major tectonic provinces of the western United States. This is illustrated by the column plot in Figure 11a that clearly shows that the provinces characterized by high topography (e.g., Yellowstone and the Southern Rocky Mountains) also have high roughness and low organization values. Conversely, low elevation provinces (e.g., the Southern Basin and Range and the Rio Grande Rift) are characterized by low roughness and higher organization values. Interestingly, the Colorado Plateau stands out as anomalously high for its location in roughness-organization space, and highlighting again the question of its uplift dynamics. A column plot of the z-score values (high values of the z-score imply a strong correlation between the various buoyancy drivers and high/rough topography as discussed in section 4 above) reveals a similar strong correlation between roughness/organization and the buoyancy forces considered in this study. The hot-colored columns in Figure 11b designates tectonic provinces in the western United States that have active lower lithospheric/upper mantle buoyancy forces acting to drive uplift which results in high and rough topography. This is particularly true for Yellowstone, the Southern Rockies and the Northern Basin and Range provinces. Given that the buoyancy forces considered are primarily Neogene in nature, we draw the conclusion that the long-recognized physiographic provinces can also be considered to be neotectonic provinces that are related to processes in the lithosphere and upper mantle. [30] In this study we have evaluated the spatial correlation between the surface topography (using high and rough topography as an indicator for active uplift) and sub-lithospheric conditions that are conducive to mantle buoyancy (i.e., low crustal Q, low upper mantle velocity anomalies and positive upper mantle geoid). There is a strong positive correlation in many regions of the western United States including Yellowstone (where hot spot buoyancy is thought to be driving uplift), the Southern Rocky Mountains (which appears to be underlain by a convectively turbulent mantle on a 50-100 km scale (Karlstrom et al., submitted manuscript, 2011) ), and along the perimeter of the Colorado Plateau where topographic uplift and roughness occur in response to mantle-flow pressures and tractions associated with plateau edgedriven convection [van Wijk et al., 2010] . This is compatible with data from variations in thermochronologic and incision rate data that are interpreted to suggest that mantle flow is driving Neogene and ongoing (over last 10 Ma) surface uplift of the western Colorado Plateau and Rocky Mountains relative to the central Colorado Plateau (Karlstrom et al., submitted manuscript, 2011) . The actual mechanism driving this uplift remains elusive, however.
Discussion
[31] The geoid analysis presented above suggests that the upper mantle geoid anomaly (and associated density moment) under the Southern Rocky Mountains is not great enough to have the source of the buoyancy much deeper than the lower lithosphere or upper-most mantle. Indeed, the geoid-to-elevation ratio for this region is more consistent with the density moment associated with fairly shallow (∼40 km) Airy compensation. Given observed crustal thickness of 42-45 km beneath the Southern Rockies [Hansen et al., 2011] the source of the buoyancy may be acting just below the base of the crust in this region. [32] We feel that the approach of quantifying topographic character and correlating variations of topographic parameters with different geophysical data sets establishes a useful first-order correlation between surface topography and sub-lithospheric processes. Obviously, a more complete understanding of the deterministic relationship is dependent on the development of a more comprehensive evaluation of the tectonic significance of seismic anomalies observed in the crust (Lg Q) and in the upper mantle, as well as a and more complete understanding of mountain-building dynamics and Figure 11 . Column plots in roughness-organization space of (a) the average topography and (b) the average z-score values for the major tectonic provinces in the western United States. Province abbreviations are defined in Figure 4 . High z-score values (which imply strong correlation between the lithospheric and mantle buoyancy drivers discussed in the text) correlated strongly with the average elevation and topographic roughness, supporting the hypothesis that subcrustal buoyancy forces have an expression in the surface topographic character.
Summary and Conclusions
[33] The topography of the Earth's surface is by far the most accurately known geophysical parameter and continues to motivate many studies of the relationship between topography and tectonics [Bird, 1998; Eaton, 1986 Eaton, , 2008 Fleitout and Froidevaux, 1982; Montgomery and Brandon, 2002; Suppe et al., 1975] . It is becoming increasingly clear that modern deformation (and resulting topography) in the western United States is the integrated result of both horizontal tectonic forces (e.g., those imposed by right-lateral shear across the Pacific-North American plate boundary and translated into the interior of the western United States) and vertical stresses associated with upper mantle buoyancy. Here, we have used a quantitative approach to evaluate the topography of the western United States and test the hypothesis that measurable topographic parameters can provide important information about the degree to which sub-crustal and sub-lithospheric processes are driving uplift and helping to sculpt the landscape.
[34] Our general conclusion is that buoyancy forces associated with density contrasts in the lower lithosphere or uppermost mantle are driving differential surface uplift throughout much of the western United States including the tectonic provinces that heretofore were not considered to be directly influenced by the dynamics of the Yellowstone plume (e.g., the southern Rocky Mountains). A viable candidate for this buoyancy force is the integrated effect of small-scale convection that is thought to be occurring along the margin of the Colorado Plateau [van Wijk et al., 2010] and beneath the southern Rockies (Karlstrom et al., submitted manuscript, 2011) . This conclusion is supported by striking correlations between surface topographic character (roughness, average elevation) and mantle velocity domains, the geoid, and crustal (Lg) Q. An important implication is that physiographic provinces and sub provinces in the western United States reflect tectonic uplift provinces related to young and ongoing changes in buoyancy within and below the lithosphere across a range of scales. This geodynamics of ongoing mantle flow and modification is producing the "dynamic topography" of the western United States landscape. While no complete understanding of the geodynamics of topographic uplift and evolution yet exists, it is our hope that this contribution will motivate further deterministic studies of the processes of lithospheric and uppermantle buoyancy modifications with the realization that different deep processes should be testable in terms of scales and timing of topographic response in tectonically active regions.
